[1] We use an automated method to analyze shear wave splitting from local earthquakes recorded by the Southern California Seismic Network between 2000 and 2005. The observed fast directions of upper crustal anisotropy generally are consistent with the direction of maximum horizontal compression s Hmax , suggesting that one major mechanism of anisotropy in the top 20 km of crust under southern California is regional stress. However, at other stations, fast directions are aligned with the trends of regional faulting and local alignment of anisotropic bedrock. Splitting delay times range widely within 0.2 s. These upper crustal anisotropy observations, together with previous studies of SKS shear wave splitting, surface waves, and receiver functions, suggest different mechanisms of anisotropy at different depths under southern California. Anisotropy in the upper crust appears to be in response to the current horizontal maximum compression s Hmax , which differs from the cause of anisotropy in the lower crust and mantle. We also explore possible temporal variations in upper crustal anisotropy associated with preearthquake stress changes or stress changes excited by surface waves of great earthquakes but do not observe any clear temporal variations in fast directions or time delays.
Introduction
[2] Measuring the depth distribution of seismic anisotropy in the lithosphere is an important tool for estimating the deformation history and the state of stress of a region. Observations of teleseismic shear wave splitting are common in studies of upper mantle anisotropy. Shear wave splitting from local earthquakes has also been utilized and gives constraints on anisotropy in the upper crust. Extensive studies of shear wave splitting from local earthquakes have been conducted in southern California [Aster et al., 1990; Aster and Shearer, 1992; Liu et al., 1997; Cochran et al., 2003 Cochran et al., , 2006 Zoback, 2004, 2006; Paulssen, 2004; Liu et al., 2008] and other active fault zone regions (e.g., Anatolian Fault [Peng and Ben-Zion, 2004] ), which investigate the spatial distribution and possible temporal variations of crustal anisotropy.
[3] Crustal anisotropies could be caused by different mechanisms, which Boness and Zoback [2006] categorized into two main types. One is stress-induced anisotropy, which responds to the local tectonic stress. In this model, the medium consists of vertically aligned, fluid-filled microcracks parallel to the direction of maximum horizontal compressive stress s H [e.g., Crampin, 1978 Crampin, , 1987 Leary et al., 1990] , or the preferential closure of fractures in a randomly fractured crust [Boness and Zoback, 2004] . The other category is structural anisotropy due to rock or mineral fabric, such as preferential mineral alignment [Brocher and Christensen, 1990] , rock fabric [Kern and Wenk, 1990] , and remnant features of paleostress [e.g., Aster and Shearer, 1992] .
[4] In the first case, when shear waves travel through the medium, vertically propagating shear waves are polarized with a fast direction parallel to the open microcracks [Crampin, 1986] or perpendicular to the closed macroscopic fractures [Boness and Zoback, 2004] . In the second case, vertically propagating shear waves will have a fast polarization parallel to the structural fabric, e.g., local shear wave splitting aligned with regional faulting [Savage et al., 1990] . As it contains several active fault systems (e.g., San Andreas, San Jacinto, and Elsinore fault zones, Figure 1 ) and different geologic provinces, southern California is a good place to explore the spatial distribution of these two models, both of which could potentially be observed.
[5] Whether temporal variations in local splitting patterns can be a tool of monitoring stress changes for earthquake prediction has been debated for some time [e.g., Aster et al., 1990; Crampin et al., 1990] . More recently, temporal variations in local shear wave splitting have been found to correlate with volcanic activity and are being investigated as a forecasting tool for volcano eruptions [Miller and Savage, 2001; Gerst and Savage, 2004] . This revives interest in investigating the potential of using shear wave splitting from local earthquakes to monitor preearthquake stress changes or stress changes excited by passing surface waves. The longterm permanent seismograph stations available in southern California (Figure 1 ) make such temporal studies tractable, avoiding issues of differences in instrumentation or exact station location between temporary deployments.
[6] In this study, we take advantage of the dense Southern California Seismic Network (SCSN) (Figure 1 ) and its longterm continuous recordings to study upper crustal anisotropy in southern California. We report results at 45 stations with good quality measurements of local earthquake shear wave splitting in southern California. We compare the fast directions of our crustal anisotropy with the regional stress orientation, observed crustal anisotropy from teleseismic receiver functions, surface-wave studies, and results from SKS shear wave splitting. In addition, we search for possible temporal variations in anisotropy over a 5 year period.
Data and Method
[7] To study local shear wave splitting, we examine seismograms recorded by SCSN stations between 2000 and 2005, using a waveform database described by Hauksson and Shearer [2006] . The SCSN has several hundred stations and records about 12,000 to 35,000 earthquakes each year . Our database includes both phase and waveform data from all available regional and local earthquakes. Traces are resampled to a uniform 100 Hz sample rate. The S waveforms from earthquakes are cut 1.5 s immediately before and after the picked times of the initial S arrivals.
[8] Local earthquake shear wave splitting uses shear waves from earthquakes close to the stations. When incidence angles at the surface are greater than 35°, converted phases can interfere with shear wave splitting measurements [Booth and Crampin, 1985; Nuttli, 1961] . To account for this, many researchers consider only events with incidence angles less than 45°based on straight-line raypaths (i.e., assuming homogeneous velocity) [e.g., Peacock et al., 1988] . Although seismic waves with larger incidence angles have been used in some studies [Paulssen, 2004; Savage et al., 2010] , here we apply the 45°limit. The measured time delay between the fast and slow components represents the integrated anisotropy along the raypaths, which are between the crustal earthquake and the overlying seismic station. Because the earthquakes are fairly shallow (98.6% of earthquakes we use are above 20 km, Figure 2 ), these raypaths are mostly within the top 20 km of the crust.
[9] As the amount of data to be processed is very large, we utilize the method of Teanby et al. [2004] for automating the measurement of the shear wave splitting parameters (fast polarization direction) and dt (delay time). We perform the shear wave splitting correction based on the covariance matrix method [Silver and Chan, 1991] . This method determines the shear wave splitting parameters by constructing a 2 × 2 covariance matrix from the windowed horizontal components (Figures 2a and 2b ) and minimizing the smaller eigenvalue l 2 using a grid search over -dt space. The search range for is from −90°to 90°. North is [Jennings, 1994] are also shown on the map as thin lines.
defined as 0°, and the clockwise direction is positive. Splitting delay time dt is obtained by advancing the slow shear wave component by dt and rotating the fast and slow components into the initial polarization direction a, which is the direction of the eigenvector associated with the larger eigenvalue l 1 of the covariance matrix. We use 0.2 s as the cutoff value for the time delay since previous studies show that the measured time delays for local earthquakes in southern California are less than 0.2 s [Aster et al., 1990; Boness and Zoback, 2006] .
[10] Prior to the analysis, the seismograms are bandpass filtered at 1-15 Hz, after the mean and trend are removed.
As the dominant frequency for shear waves generated by local earthquakes ranges from about 5 to 10 Hz, this filter improves the signal-to-noise ratio without degrading the waveforms. To determine the shear wave splitting measuring window, we slide a 0.3 s time window around the first shear wave arrival with a step increment of 0.05 s between −0.1 and 0.35 s of the first S arrival. The best window is picked when the uncertainty of the fast direction is smallest.
[11] Because visual inspection of each measurement for quality control is not practical and could be subjective [e.g., Aster et al., 1990; Savage et al., 1990; Gerst, 2003] , we apply the following criteria, similar to those used by Peng and Ben-Zion [2004] , to ensure reliability of results. We require (1) signal-to-noise ratio above 2.5, (2) maximum error of 20°for the fast orientation in the chosen measurement window, (3) initial polarization a not too close to the fast (or slow) orientation (20 ≤ | − a | ≤ 70), and (4) cross-correlation coefficient no less than 0.7. For the results presented here, we keep only the stations with more than three measurements that satisfy these criteria.
Results
[12] After applying the criteria described above, a total of 2190 high-quality measurements of fast directions at 45 seismograph stations are displayed using rose diagrams in Figure 3 . The earthquakes used in these measurements are mainly from the top 20 km of the crust (Figure 2c ). To provide a statistical analysis of the measured , we first multiply the fast direction angles by two to account for the bimodal nature of the distribution of fast directions (i.e., the 180°ambiguity) and then use the Von Mises method to calculate the mean angle and a mean resultant length R [Davis, 1986; Mardia and Jupp, 2000; Cochran et al., 2003] ( Table 1 ). The parameter R gives a quantitative estimate of the variance of the directional data, with values near 0 and 1 indicating high scattering and clustering, respectively.
[13] As shown in Figure 3 , 30 of 45 stations have values of R with significance levels greater or equal to 90%, indicating that the values at these stations have a significant preferred direction. These stations occur over the entire area instead of concentrating in a specific region (Figure 4) . Although some stations have R values with confidence levels less than 90%, the measurements nonetheless provide some indication of likely fast directions and may be useful in constraining spatial patterns in anisotropy in different directions ( Figure 3 , bottom plots).
[14] For the stations with significant preferred directions (Figure 3, stations labeled with an asterisk), the fast directions have a large north-south (N-S) component (except for stations BBS, PFO, RDM, SLR, and WGR), generally at azimuths between −30°and 30° (Figure 4 , inset). At Anza, our results are fairly consistent with previous results from Aster and Shearer [1992] (Figure 4 ). Further to the north along the Hector Mine fault zone, Cochran et al. [2003] reported crustal anisotropy with fast directions ranging between N3°W and N12°E, roughly halfway between the fault strike and the direction of local stress vectors (Figure 4) . The closest station in our study to their measurements is station HEC, which is located about 27 km north of the hypocenter of the 1999 Hector Mine earthquake (M 7.1). The fast directions at this station are N4°E ± 5°, consistent with the results of Cochran et al. [2003] .
[15] Near the San Gabriel Mountains and the San Bernardino Mountains, the fast orientations of upper crustal anisotropy from Paulssen [2004] trend mostly N-S, generally consistent with our results. There are four measurements from Paulssen [2004] northwest of station BBS, subparallel to the local faults, trending WNW-ESE, having a large E-W component, that are roughly consistent with our results at station BBS (Figure 4) . Station SVD has the largest value of standard error in its mean direction, which results from a bimodal distribution in only eight measurements. This station is located almost on top of the San Andreas Fault (SAF), yet it does not appear to have a strong fault-parallel fast direction (Figures 1 and 3 ). Paulssen's results close to this station also show a diversity of orientations (Figure 4 ).
Discussion

Comparison With Stress Vectors
[16] Southern California contains the southern part of the San Andreas Fault, which is the main transform plate boundary separating the Pacific and North American plates (Figure 1) . The stress data in this region, which are based on focal mechanism solutions, borehole breakouts, and hydraulic fracturing experiments [Heidbach et al., 2008] , indicate an average orientation of N12°E for horizontal maximum compression s Hmax (Figure 4) . In most regions, the average fast directions of crustal anisotropy from our study are subparallel to the direction of s Hmax (Figure 4, inset) .
[17] Near the SAF (Banning Pass, the "Big Bend") and the San Jacinto Fault, the horizontal maximum compression s Hmax directions are mostly oriented within 10°from N-S (Figure 4 ). This orientation is about 60°-70°to the average strike of the SAF in southern California [Townend and Zoback, 2004] . No apparent stress rotations near the SAF are apparent at the scale of these stress observations [Abers and Gephart, 2001] . Stations in the Anza region have fast anisotropy directions similar to s Hmax (Figure 4 ) except for station KNW, which differs from the other stations in this region. Station KNW, located to the northeast of San Jacinto Fault, has 359 clustered measurements (R = 0.69) showing a fast direction trending NW-SE, subparallel to the fault trend. The measurements at station KNW all come from earthquakes with back azimuths between 180°and 270°. The fast direction at station KNW is likely due to a local alignment of anisotropic bedrock minerals, particularly biotite [Aster and Shearer, 1992] . Near the Big Bend of the SAF, the fast directions at stations BBS and SLR trend WNW-ESE and seem to be affected by the orientation of the Big Bend.
[18] Northeast of the SAF, stress data in the eastern California shear zone show that the horizontal maximum compression trends NE-SW (Figure 4) , roughly perpendicular to a series of faults, such as the Calico, Emerson, and Lenwood faults. Station BBR near the San Bernardino Mountains shows a direction consistent with the regional stress vectors. Station HEC, which is to the east side of the shear zone and closer to the Landers rupture zone, has a large component parallel to the rupture zone, trending N4°E, agreeing with measurements from Cochran et al. [2003] .
[19] In the west Los Angeles Basin, the direction of s Hmax is within 10°of N-S. The average fast orientations of anisotropy at stations LCG and USC are 18°and −23°, respectively (Figure 4) . Although the measurements at DJJ and SMS have lower confidence levels in their preferred directions, the peaks in their rose diagrams seem to be consistent with those of LCG and USC. Further to the north in the Basin and Range region, the fast orientations and stress vectors are consistent, within 20°from north (Figure 4) .
[20] For the stations with a significant preferred orientation, the rose diagrams of their mean fast directions have two prominent peaks. One peak falls within the range of the stress orientations of about −30°to 30° (Figure 4, inset) . As discussed earlier, when the medium consists of microcracks or the preferential closure of fractures in a randomly fractured crust (often called stress-induced anisotropy), the resulting fast direction of shear wave splitting from vertically propagating shear waves is parallel to the maximum horizontal compressive stress s Hmax . Another less prominent peak around 45°seems to be subparallel to the trends of faults in this region (Figure 4) . Therefore, our observations suggest that the bulk of upper crustal anisotropy (top 20 km) in southern California is due to stress-induced aligned cracks, whereas structural fabric is also a factor at some locations. Figure 1 . Bin size is 15°, and the black line in each diagram is the average fast direction calculated as described in the text. The station name, the standard error of the mean direction (degrees), the R value, and the number of measurements are given to the right of each rose diagram. Stations labeled with an asterisk have significant preferred directions at the 90% confidence level.
Comparison With SKS and Anisotropy From Receiver Functions
They are nearly orthogonal to the stress directions from the World Stress Map and different from the absolute plate motion direction of North America ( Figure 5 ). The time delays of SKS splitting are mainly caused by mantle anisotropy because they are too large to be explained with crustal anisotropy. The time delays of crustal anisotropy in southern California generally are less than 0.2 s [e.g., Aster et al., 1990; Li et al., 1994] with few measurements up to 0.3 s [Cochran et al., 2003] . Three stations in our study area (SVD, PFO, and LAC) have been hypothesized to have double-layer anisotropy [Özalaybey and Savage, 1995] , with the anisotropy in an upper lithospheric layer having different orientation than the anisotropy in the underlying asthenosphere. Our result at station SVD has a diverse distribution of fast directions and would not contribute much to the upper layer inferred from SKS anisotropy (Figures 3 and  5) . The fast directions of upper crustal anisotropy at station PFO show considerable scatter but are at least roughly consistent with the fast direction of the SKS upper layer at PFO, but the time delay of upper crustal anisotropy is 0.06 s, much less than the 0.6 s measured by Özalaybey and Savage [1995] for the upper layer below PFO.
[22] One possible cause for SKS fast directions perpendicular to the directions of regional stress in southern California is that mantle minerals are aligned in response to Cenozoic tectonic stress [Polet and Kanamori, 2002; Liu et al., 1995] . Another is that the SKS fast directions may be the consequence of a remnant subduction fabric [e.g., Özalaybey and Savage, 1995] . Recent studies of anisotropy in the crust and upper mantle seem to favor the latter explanation. Surface wave studies [Lin et al., 2009 [Lin et al., , 2011 have shown that the patterns of anisotropy between the crust and uppermost mantle beneath southern California are different, inferring stratification of anisotropy with depth. Lower crustal anisotropy inferred from receiver functions also does not show a preferred direction, inconsistent with the southern California SKS results (R. Porter et al., Pervasive lower crustal seismic anisotropy in southern California: Evidence for underplated schists, submitted to Lithosphere, 2010).
[23] Overall, the fast directions of our upper crustal anisotropy observations do not coincide with either the directions of lower crustal anisotropy or the SKS measurements ( Figure 5 ). In the shallow crust, our new anisotropy results seem to be mainly affected by the regional tectonic stress. In the lower crust, the anisotropy may come from the subcreted schist during Farallon plate subduction (Porter et al., submitted manuscript, 2010) . The mantle anisotropy is most likely a remnant subduction fabric as discussed above.
Temporal Variations?
[24] There has been a debate on the possibility of using temporal variations of crustal anisotropy to predict earthquakes [e.g., Aster et al., 1990; Crampin et al., 1990; Aster and Shearer, 1991; Crampin et al., 1991; Munson et al., 1995; Crampin et al., 1999] , since cracks that can cause anisotropy may be sensitive to any stress changes that may occur before earthquakes [Gupta, 1973a [Gupta, , 1973b Crampin, 1978 Crampin, , 1987 Crampin et al., 1980 Crampin et al., , 1984 . Recent work by Gerst and Savage [2004] showed a change of fast direction in local earthquake shear wave splitting before and after volcanic eruptions, suggesting that stress changes in and around magma chambers can be monitored. Figure 2 ). Rose diagrams of stations with a ≥90% confidence level for a significant direction are in black. Brown rose diagrams are for stations with a confidence level less than 90%. Green rose diagrams are for those stations whose measurements have a cross-correlation coefficient less than 0.7. Red bars are fast orientations from previous studies of upper crustal anisotropy using local earthquakes with incident angles less than 45° [Aster and Shearer, 1992; Cochran et al., 2003] , and blue bars are the fast orientations from Paulssen [2004] , which used earthquakes with incident angles larger than 45°. The bottom left corner shows an expanded view of the boxed area. Gray bars represent orientations of the axis of maximum horizontal compression in southern California, which are determined from borehole breakouts, hydraulic fracturing experiments, and earthquake focal mechanism inversions (World Stress Map Project). The inset rose diagram in the top right corner summarizes the orientation of s Hmax (gray) in the study region and the orientation of averaged fast directions for each seismic station with a 90% confidence level of a significant preferred direction to avoid emphasis on stations with large numbers of measurements (black). The two sets of orientations show a consistent range of directions of about 30°to −30°. BB, Big Bend (Banning Pass); CF, Calico Fault; ECSZ, east California shear zone; EF, Emerson Fault; EFZ, Elsinore Fault zone; LF, Lenwood Fault; SBM, San Bernadino Mountains; SGF, San Gabriel Fault; SGM, San Gabriel Mountains; WLAB, west Los Angeles basin.
claimed that they observed temporal changes of crustal anisotropy due to coseismic stress changes for a moderatesized earthquake (M 5.7) in the Tokai region, central Japan. Tadokoro et al. [1999] suggested that local earthquake shear wave splitting could be used to monitor postseismic fault healing because they observed spatial variations in the orientation of cracks or fractures in and around the aftershock region of 1995 Hyogo-Ken Nambu earthquake (Kobe earthquake, M 7.2). However, results from Peng and Ben-Zion [2004] did not show systematic precursory changes before the 1999 Düzce main shock (M w 7.1) along the North Anatolian Fault, and Liu et al. [2008] did not observe any temporal variations in local earthquake shear wave anisotropy around the San Andreas Fault near Parkfield.
[25] To explore the possible time variation of the upper crustal anisotropy in southern California between 2000 and 2005, we examine five stations with the most data (over 100 measurements) and present two examples (KNW and CRY) in Figure 6 . The measurements exhibit large scatter (Figure 6 ) without any clear temporal trends. Measurements exceeding 2 standard deviations do not correlate with specific back azimuths, incident angles, or focal depths of events. Without being able to definitely reject these outliers, we apply moving averages both to all data points ( Figure 6 , green curve) and data points within 2 standard deviations (Figure 6, pink) . We have tried 10-, 20-, and 30-point moving averages, which all produce similar results ( Figure 6 shows only the 10-point moving average curve). Although there is a hint of a change in the moving average curve following the first of these events, we do not observe any systematic association between the occurrences of earthquakes and the smoothed variations (moving averages) of the fast directions and time delays. For all five of the stations we examined, we do not observe any clear or consistent temporal variations in anisotropy associated with earthquake occurrence.
Conclusions
[26] We have measured anisotropy in the southern California upper crust (top 20 km) using local earthquake shear wave splitting. The fast directions at most stations are consistent with the local stress orientation, suggesting that the [Gripp and Gordon, 1990] .
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